The composition of modem stream sands derived from sedimentary source rocks in the Iberian Range has been analyzed in order to evaluate the contributions of the different bedrock types (mainly sandstones, limestones and dolostones). Temperate to subhumid climate and short transpOli conditions promote a weathering-limited denudation regime. As expected, sand composition proved to be essentially quartzolithic, with variable amounts of penecontemporaneous carbonates.
Introduction
Provenance analyses on sandstones attempt to solve one of the most complex questions relating to the origin of sands: the nature of the source area and subsequent modifications of erosion products. During the 1970s and 1980s, several models were developed Arribas et aI., 2000; Le Pera et aI., 2001) . In fact, actualistic studies can largely isolate the effects of the many closely interrelated parameters involved in the genesis of clastic sediments, including source-rock composition, climate, weathering and tmnsport (Johnsson, 1993) .
Head stream sediments represent the product gen erated fIrst in a fluvial system, with source lithology the dominant influence and with little or negligible modifi cation caused by transport processes (mechan ical breakdown, hydrodynamic sorting) (e.g., Basu, 1985) . In order to evaluate the potential of different bedrock types for producing sand in head streams, the concept of the Sand Generation Index (SGI) was introduced by Palomares and Arr ibas (1993) . The SGI of a given bedrock type A of a dual source A + B is expressed in terms of the outcrop area (in percentage) of A (%S Al required to produce a sand whose modal composition represents the average between the modes of sands derived from pure A and B sources (palomares and Arribas, 1993) . Values of SGI are expressed as I OOI%S A-Thus, an equal potential to produce sand between A and B bedrock types means a SGI equal to 2 for both bedrocks. This made it possible to evaluate quantitatively the relative capability of bedrock types to generate sand in a crystalline source terrain (granitoid + gneiss; gneiss + slate-schist and granitoid + slate-schist bedrock asso ciations ).
However, little is knO\vn so far about the potential of the different sedimentary rock types to produce clastic sediments. The origin of sedimenticlastic deposits is related to recycling processes, the rele vance of which in the genesis of detrital material has been stressed by several authors (Blatt and Iones, 1975; Garr els, 1986) . In addition, petrographic criteria have been estab lished to detect sediment recycling (Folk, 1974; Zuffa, 1987; Arribas et aI., 1990) . The fIrst attempts at quantitative assessment of the rela tionship between sedimentary source settings and sand composition were made by Mack (1981) , Gran tham and Velbel (1988) and Ibbeken and Schleyer (1991) , among others.
The purpose of this study is to compare the composition of sedimenticlastic sands in head streams with different proportions of the specifi c sedimentary rocks constituting the source terrains. The study area is located in the Iberian Range (Central Spain), where a wide variety of Me so zoic carbonates and sandstones are eroded in catchment areas Wlder temperate to subhumid climatic conditions. Several small-scale drainage sub-basins ( < 30 km 2 ) were selected, where variables such as climate and transport effects can be considered constant or of negligible influence on sediment composition. A quantitative analysis of the source terrains, using a geographical information system, permitted a detailed comparison of bedrock characteristics (lithology, exposure area) with the corresponding sand composition and hence the eval uation of the relative potential for sand generation of the different sedimentary source rock types. The results may help provide a better understanding of detrital modes of sedimenticlastic deposits, especially in Tertiary basins associated with the Alpine chains in the Mediterranean area.
Study area
The Iberian Range is an Alpine mOWltain chain, about 400 km long with a northwest-southeast trend, where Mesozoic sedimentary rocks overlying Variscan basement are widely exposed. Sedimentation during the Alpine cycle was initiated in a continental rift! aulacogen setting and evolved into a double vergent chain due to compressive deformation from Upper Cretaceous to Upper Oligocene (Alvaro et aI., 1979) . The drainage areas considered in this paper are located in the northwestern sector of the Iberian Range (NE of the city of Cuenca), covering about 2500 km 2 (Fig. I ) . In this area, the Mesozoic stratigraphic record consists of a sedimentary succession up to 2600 m thick. However, Triassic formations (about 1000 m thick) are poorly represented in the drainage basins selected, with the uppermost lutitic-evaporitic terms of the Keuper (Gemaanic facies) outcropping only locally. Iurassic Wlits are represented by approx. 750 m of shallow-marine limestones with mud-supported and subordinately grain-supported textures, and dolo stones. Arkoses and subarkoses prevail in the Lower Cretaceous section (300 m thick). Finally, the Upper Cretaceous strata (about 550 m) are dominated by dolomitic lithologies, mainly dolosparite (V ilas et aI., 1982) . Dedolomitization processes have been reported from this interval (Fern:indez Calvo, 1981 with main streams, acting as a coeval carbonate source of detritus. The study area is characterized by a temperate to subhumid climate with warm summ ers and no dry seasons (Cfb of Koppen, 1901) . Mean annual precip itation ranges from 500 to 800 mm and mean annual temperatures range from 8° to 12° (LG.N., 1991a). Thus, both mechanical and chemical weathering can be assumed to be moderate according to Wilson (1969) . Soils are thin, poorly developed and consist mainly of inceptisols identifi ed as cryochrepts, usto cbrepts and xerocbrepts (LG.N., 1991b) . Vegetation cover is characterized by predominantly hardwood and pine ecosystems (xerofilum, perennifolium and esclerojilum ).
Human pressure on the area studied is very low, without any notable influence on sedimentary pro cesses. Locally, deforestation has generated meadows in the lower parts of drainage basins along the river courses. Depopulation has resulted in negligible human activity (no industrial settlements and scant agriculture). Activity in the pine and hardwood forests is limited and consists of controlled pine felling.
The drainage sub-basins studied are elongated in shape, following the main Alpine structural trends of the Iberian Range (E-W, N-S and NW-SE trends). The areas occupied by these basins range from 2 to 20 100 ;;--.
km2 and all of them exhibit drainage networks at a similar stage of evolution, mainly constituted by first and second-order streams. Drainage divides range from 1000 m to 1840 m in altitude, and mean slope values vary between 15% and 35%. Water courses mainly have a seasonal regime, running during winter and spring with occasional inputs from springs. Detailed characteristics of the drainage sub-basins are shown in Fig. 2 . Channels in the highlands of the drainage areas are narrow (5 to 20 m wide) and cut deep into the bedrock (Fig. 3A) . In these areas, gravel deposits prevail, exhibiting a chaotic arrangement due to local supplies from steep slopes. Channel width increases down stream (30 to 100 m) and sandy gravel carpets and bars (longitudinal and small pointbars) develop ( Cc) Sand bar developed on a gravel carpet in the inner part of the Encabas River. Notice lateral gravel deposits in the incipient alluvial plain.
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). Sand deposits occur as drift deposits behind obstacles (pebbles, cobbles and plants) generated by flooding of incipient alluvial plains, or even within the main channels (Fig. 3C ). All these deposits may be classifi ed as first-order of sampling (Ingersoll et aI., 1993) , and their composition reflects a dominant influence of bedrock types.
3. Methods
Sampling and petrographic methods
A total of 60 samples were collected from 35 drainage sub-basins (Fig. I) . Each sample consisted of 2 to 3 kg of detrital material of less than 20 mm grain size. All samples were washed and dry sieved at 1 <P intervals. Sand composition was analyzed in three sieved grain-size fractions: coarse (1-0.5 mm), medium (0.5-0.25 mm) and fine (0.25-0.125 mm) sand. Subsamples of each of these fractions were impregnated with epoxy resin for thin-sectioning. Thin sections were stained using alizarine (Evamy, 1963) and sodium cobaltinitrite (Chayes, 1952) sol utions to facilitate identifi cation of carbonate and feldspar, respectively. The modal composition was determined by point counting following the criteria established by Gazzi (1966) and Dickinson (1970) . The use of grain types corresponding to the so-called 'traditional' criteria (Ingersoll et aI., 1984) can be considered by re-evaluation of the POint-COWlt results. Two hundred to 400 grains were counted per thin section and classifi ed into 56 modal classes (Ta ble I and Appendix A). Differences in the number of grains cOWlted are due to the availability of material in each sample fraction. This subgroup mainly comprises siliciclastic monomineral (quartz, K-feldspar, micas, and heavy minerals) and polymineral grains with microcrystal line textures (i.e., lutitic grains) and coarse grained rock fragments. Monomineral grains are more abun dant than either fine-or coarse-grained rock frag ments. Polycrystalline quartz occur as clasts with coarse subgrains (>0.062 mm) or as chert grains (aggregates of cryptocrystalline quartz). The predom inant coarse-grained fragments are sandstones with sparitic carbonate or ferruginous cement and clay matrix. The coarse-grained rock fragments were cOWlted as the monomineral component beneath the cross-hair (Qr, Kr, Mr, etc.) . The AN subgroup is equivalent to NCE grains defmed by Zuffa (1980) .
Calcitic components (CAL)
These have micritic (Lmwp in Table 1 ) and sparitic (Lgec) textures. Micritic microfacies identified include micrite (Lm), wackestone (Lw) and packstone (Lp). Sparitic grains consist of coarse crystalline limestone fragments (Le) and monocrystalline calcite grains (Lc). Clasts with grainstone microfacies (Lg) are also classed as 'sparitic grains', as they contain abWldant sparitic cement. Echinodenn and pelecypod fragments are frequent as isolated fossils (Fo). Finally, limestone fragments with variable content of silici clastic components (Ls) have been identifi ed.
Dolomitic components (DOL)
These consist of dolostones grains with similar textures to the calcitic microfacies described above (Dm, De, Dc and Ds). Dw, Dp and Dg categories are not recognized as sand grain microfacies. Grains with dedolomitization textures (Dd) are also very frequent in some deposits.
Both CAL and DOL subgroups are equivalent to AC (ancient carbonate) grains as defmed by Cavazza et al. (1993) , and to CE of Zuffa (1980) .
Penecontemporaneous carbonates (PC plus En)
These encompass a wide variety of carbonate grains with micritic and sparitic textures and charac terized by the presence of [me algal microstructures, as described in continental carbonates by Freytet and Verrecchia (1998) . In addition, some grains lacking these features, but with irregular borders and consti tuted by a 'spongy' micrite, have been included in this category (In). Their origin is associated with the erosion of travertine deposits and freshwater carbo nate concretions (Arribas and Tortosa, 1998; Freytet and Verrecchia, 1998; Pedley, 1990) . Bioc1asts (Bio) are scarce, appearing locally as fragments or as well preserved gastropod shells.
In addition, compound grains (CG in Table 1 ) show coeval micritic coatings growing over a nucleus.
These thin coatings are structureless, in some cases presenting a succession of concentric micritic bands. Counted points from these coatings have been included in the 'En' petrographic class. Nuclei of compoWld grains may be included in any of the petrographic categories described above.
Quantification of source area geology
In order to evaluate the effect of source area on the composition of the sandy deposits, a source-area database comprising the main physiographic and litho logic characteristics of the catchment area was constructed. The sub-basin of each sand sample was considered to comprise the portion of drainage basin that is uphill from the sample site. A geographical information system (ILWIS, version 1.4) was used to build the data base (Appendix B). Geological infor mation regarding the percentages of outcrop area of the different cartographic Wlits in the sub-basins was acquired from geologic maps at 1:50,000 scale (LT.G. E., 1983a,b, 1986, 1989a,b,c) and transformed by digitizing into polygon and raster map formats. Slope data were obtained from a digital elevation model genemted by digitization of topographic maps (scale 1:50,000). Tables with the outcrop area and the related slope data of each cartographic unit are created by combining pixel values ('crossing') of both geological and slope raster maps (Montesinos and Arribas, 1998) . Often, digitized cartographic Wlits from geologic maps comprise more than one lithology. However, these cartographic data have been transformed into lithologic-type percentages by using additional information from map memoirs and Wlpublished complementary data (cross sections, petrographic data and detailed descriptions). This transformation has been applied to each geological sheet (scale 1:50,000) being applicable only to the sub-basins occurring in that sheet. Table 2 illustrates an example of this transformation (sheet no. 564). The authors can provide tmnsformations from the other sheets on request. In some cases, the litho logic information has proved to be scarce, and detailed compositional data are lacking. We thus distin guished broad but simple litho logic groups: micritic limestone (Lmwp); sparitic limestone (Lgec); fi ne crystalline dolostones (Dm); medium-to coarse-crys talline dolostones (Dr); siliciclastics (AN) and mads Table 2 Lithofacies of the cartographic llllits from sheet no. 564 (Fuertescusa), used fo rtransfonnation of cartographic data into lithologic parameters of sub-basins in sheet no. b Siliciclastics (mainly conglomerates and sandstones).
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(Mar). Transformation of cartographic units into lithologic groups can be expressed as a matrix multiplication:
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where, 19mn is the percentage of the m lithologic group that is represented in a given n cartographic unit; CDn is the area (%) of the n cartographic unit from the x sub-basin; and LGm the percentage of representation of the m lithologic group in the x sub basin. The [mal source lithology database for the sub-basin involved in the genesis of each sample is shown in Appendix B. Travertines and other recent carbonate formations appear to be associated to stream courses and are not represented on 1:50,000 scale geologic maps. Thus, quantifi cation of recent carbonate sources was not possible, and so Appendix B refers only to ancient bedrocks.
Stream sand composition
Modal sand composition in fi ne, medium and coarse grain-size intervals varies considerably, from nearly pure silicic1a stic sand to nearly pure carbo nate-rock-fragment sand (Fig. 4) . Penecontempora neous carbonates (pC plus En) do not generally exceed 25% of total grain population. These varia tions in sand composition reflect a wide variety of sedimentary sources in the different sub-basins and the productivity of those sub-basins as coeval car bonate sources. Occasionally, penecontemporaneous carbonate content exceeds 90% of the bulk sediment, causing considerable dilution of non-carbonate (AN) and carbonate-rock-fragment grains (AC) supplied by the source rocks. The concentration of penecon temporaneous carbonates in fi ne, medium and coarse grain size fractions is shown in Fig. 4 . Table I .
Sands are quartzolithic in composltlon, plotting near the QmLt line on a QmFLt diagram (Fig. 5) and, as expected, reflecting a 'recycled orogen' prov enance (Dickinson et aI., 1983) , but with clear dependence of sand composition on grain size. The high concentration of Qm grains in some samples produces a shift to the 'stable craton' field (Dickinson et aI., 1983) . This apparent inconsistency can be explained by the short-distance displacement of these deposits (first scale of sampling in Ingersoll et aI., 1984) , so that the original composition of the bedrock (arkoses and subarkoses) is maintained with little compositional changes in the recycled sand. Temper ate climatic conditions mitigate chemical weathering and also favour feldspar preservation. Also visible is the concentration trend of feldspar when grain size diminishes (Odom et aI., 1976) .
The presence of the different types of carbonate rock fragment also differs if we compare their con centrations in the three grain size fractions (Fig. 6) . Thus, the fine fraction is rich in dolospar grains (dolosparite -De-and dolomite single crystal -Dc grains), containing nearly 50% more than the medium or coarse fractions. On the other hand, there are 30-50% less micritic grains (Lmwp and Dm grains) in the fine than in the coarse fraction. Sparitic limestones present a similar trend to micritic carbonate grains, but less pronounced. This suggests that that limestone grains are more stable in coarser fractions and that micritic microfacies are the least stable microfacies in the fine sand fraction.
Source vs. sand contrast
As a first approach to comparing drainage basin characteristics and petrography of sediments, we used the petrographic classes described earlier: (1) AN (ancient non-carbonates), (2) CAL (limestone grains) and (3) DOL (dolomitic grains). These groups can be checked against data relating to the surface distribution of siliciclastic, calcitic and dolomitic formations, respectively, in the source. AN-CAL-DOL ternary diagrams (Fig. 7) provide relevant information about the capability of a specific setting of sedimentary lithologies to produce sandy deposits. To facilitate comprehension of the contrast, sub-basins have been arbitrarily grouped according to the percentage of surface occupied by dolo stone (100% to 85%, Fig.  7a ; 85% to 45%, Fig. 7b ; and 45% to 0%, Fig. 7c ). By classifying samples in this way, we were able to work with relatively homogeneous groups of samples gen erated from similar bedrock distributions at the sour ces. In addition, these groups contain similar numbers of samples. Compositional data of coarse, medium and fine sand fractions are shown in Fig. 7 , classified by the mean and the 95% confidence level polygon. As expected, there is not a one-to-one ratio between percentages of lithologies in a source area and the percentage of their products in the sediment. This is taken to be a consequence of the different potential of different sedimentary source rocks to produce sand. Surprisingly, sources constituted predominantly by dolomitic bedrocks (Fig. 7a) generate sands where calcitic grains predominate over dolomitic grains, mainly in the coarse and medium sand fractions. The richness of sediments in calcitic components with respect to the total carbonates may be related to dedolomitization processes acting in dolostone forma tions. Non-carbonate (AN) and calcitic (CAL) grains appear over-represented in the sand, and as a result, the quantitative information about dolomitic occurrence in the source is drastically reduced. The composition of the fine sand fraction differs slightly from the coarser fraction, having a higher concentration of dolomite grains. There is also loss of dolomite representation in the sand when the presence of dolo stones in the source area is less ( Fig. 7b and c) . These diagrams also reflect the considerable ability of sandstones to produce sands causing the dilution of carbonate components. Thus, the occurrence of 16% of silicic1astic rocks at the source may produce a sand with 75% of non-carbonate grains (Fig. 7b ). This fact is more noticeable if dolo stone is the accompanying lithology at the source. However, the presence of limestones at the source reduces the over-representation of silicic1astics in the sands, mainly in the medium and coarse fractions where limestone grains concentrate (Fig. 7c) . In many cases, marls are a major lithological component at the source, constituting as much as 34% of surface area (Appendix B). However, there is no grain type in the stream sands clearly related to that source. Marls mainly produce very [me grain sized sediments « 62 flm) as a consequence of their lack of consistency and their fine gmined texture. Therefore, their capacity to produce sandy deposits is very limited. However, it is assumed that marls do not have a purely [me grained texture but may contain a wide spectrum of non-carbonate or carbonate sand grains (i.e., fossils; Cavazza et aI., 1993). The pres ence of these grains in the sands is not very signifi cant if compared with contributions from other source rocks, and therefore marl supplies are unlikely to disturb the general source/sediment contrast.
Several petrographic indices (AN/(AN + AC), DOLlAC, Lmwp/AC, Dm/AC, Lgec/AC and Dr/ AC) have been considered for more accurate analysis of the representativeness of diverse grain types when compared with their parent sources. Detailed data on the bedrock lithology can be used to calculate an equivalent ratio of occurrence of litho logic types at Table I .
the sources (Fig. 8) . This type of diagram appears to be very useful when sources are analyzed as sediment producers (Mack, 1981; Palomares and Arribas, 1993; Arribas et aI., 2000) . Siliciclastic sources are the most productive sedimentary source of sand in the three analyzed fractions appearing in the upper part of the diagrams (concentration zone). Dolomitic formations are the least productive carbonate sources (DOLlAC and DmlAC, Fig. 8 ) plotted in the lower part of the diagrams (dilution zone). Micritic lime stones (Lmwp) show the best fit with the sand composition, with R2 = 0.559 in the medium size fraction. The behavior of sparitic textures as sand producers is controlled by their composition. Thus, sparitic limestones (Lgec) are concentrated and over represented in the three sand fractions, whereas sparitic dolostones (Dr) are under-represented in coarse and medium sand fractions. Slope data from Appendix B have been compared with medium-grained sand compositions to evaluate the influence of this physiographic variable on sand generation. Fig. 9 shows similar diagrams to those of Samples from sub-basins with slope of a given bed rock < 25%, and (2) samples from sub-basins with slope of a given bedrock >25%. Generally the cluster (means) of samples related to steep slopes (>25%) has a sand composition emiched in the analyzed compo nents, plotting in higher positions in the diagrams than the gentle slope cluster ( < 25%) (Fig. 9) (1) and (2).
Obtained SGI values are shown in Table 3 (potter, 1978 , 1994 Blatt et aL, 1980; Mack, 1981) . Dolomite exhibits greater mineral stability than calcite as a function of size and distortion of Ca06 and Mg06 octahedra (Reeder, 1983) . Thus, pure dolomite is less soluble than calcite (Bathurst, 1975; pp. 252-254 is expected that the origin of many calcite single crystals (Lc) found in sands will be related to dedolo mitization processes at the sources. Fig. 10 shows that the content of (Lc + Dr) grains in coarse and medium sand fractions fi ts the Drl AC surface distribution at the sources better, supporting the idea that many calcite Table 1 .
crystal grains are provided by dolomite terrains. On the other hand, it is difficult to explain the fact that dolomicrite grains are less well represented than micritic limestone grains. Dedolomitization processes have not been described in the dolomicritic formations, and thus the considerable under-representation of this texture cannot be explained by replacements occurring during diagenesis of these bedrocks. Several authors have pointed to the influence of the uptake of different nutrient elements during pedogenesis in the depletion of specific minerals (i.e., Moulton and Berner, 1998) . Probably, processes favoring the capture of Mg 2 + ion by plants during soil development are involved in the loss of dolomicrite in the regolith. However, we cannot confirm this fact, which in any case falls without the scope of this work.
Concluding remarks
Sedimenticlastic sands from head streams in the Iberian Range present a variable quartzolithic compo sition with variable amounts of penecontemporaneous carbonate clasts. Variations in composition are also observed when grain size varies. Penecontemporane ous carbonate grains are concentrated in the fine sand fraction, while micritic and sparitic limestone grains and micritic dolo stone grains are concentrated in the coarse sand fraction. Recycled K-feldspar from arkosic bedrock tends to be concentrated in the fine sand fraction.
Contrasts between the composition of modern sed imenticlastic sands in head streams and the different proportions of the specific sedimentary rocks consti tuting the source terrains provides information about the behavior of these sources as sand producers.
Ternary (AN-CAL-DOL) and binary diagrams com paring sand petrographic indices with source occur rence indices (AN/(AN + AC), DOLlAC, Lmwp/AC, DmI AC, Lgec/ AC and Dr/ AC) have proved very useful in evaluating the sand production of each bedrock lithology.
Siliciclastic formations (sandstones) appear to be the most productive sedimentary source of sand, their occurrence at the source always over-represented in the sediment. Thus, 5% to 25% of siliciclastic for mations at the source is enough to produce 50% of siliciclastics in the sand when these formations are accompanied by carbonate bedrocks. This indicates that the productivity of siliciclastic formations is 3 to 20 times greater than that of carbonates (SGI of siliciclastic formations: 4-20).
In sources constituted solely by carbonates, sand production varies according to the rock composition and texture. Limestones exhibit 3 to 4 times more capacity to generate sands than dolostones, while spantlc limestones present the highest SGI values (2.8 to 20). However, this over-representation of sparitic limestones in a direct reading from sand composition may be a misleading interpretation. Spar itic calcite grains can be derived from sources other than sparitic limestones, such as calcite cement in sandstones (Cavazza et aI., 1993) , calcite veins, and dedolomitic formations. As evidenced in this study, calciticed dolomitic bedrocks are a consistent source of sparitic calcite grains. Appendix A. Sand composition data set Coarse fraction (1 0.5 nun) 23  127  164  33  31  180  263  14  146  30  46  52  140  178  269  45  10  4  19  24  19  42  20  13  53  43  13   2  4  2  2  40  33  2  62   72   11  4  39  31  45  12  2  16  4  14  2  2  2  14  2  2   71  2  4  2  2  13   14  25  20  62  51  30  29  49  4  20 (c ontinued on next page)
